The continuous rise in the number of outbreaks of foodborne illness linked to fresh fruit and vegetables challenges the notion that enteric pathogens are defined mostly by their ability to colonize the intestinal habitat. This review describes the epidemiology of produceassociated outbreaks of foodborne disease and presents recently acquired knowledge about the behavior of enteric pathogens on plants, with an emphasis on Salmonella enterica, Escherichia coli O157:H7, and Listeria monocytogenes. The growth and survival of enteric pathogens on plants are discussed in the light of knowledge and concepts in plant microbial ecology, including epiphytic fitness, the physicochemical nature of plant surfaces, biofilm formation, and microbe-microbe and plant-microbe interactions. Information regarding the various stresses that affect the survival of enteric pathogens and the molecular events that underlie their interactions in the plant environment provides a good foundation for assessing their role in the infectious dose of the pathogens when contaminated fresh produce is the vehicle of illness. 
INTRODUCTION
The emergence of outbreaks of foodborne illness associated with fresh fruits and vegetables has revived interest among public health agencies and sparked a new wave of research on food safety issues related to microbial contamination of fresh produce. Whereas scientists such as Creel in the early 1900s (28) were attempting to find evidence that typhoid infection spread from contaminated water and food, and thus to disprove the hypothesis that Bacillus typhosus (Salmonella enterica serovar Typhi) was an obligate parasite, microbiologists today face the challenge of providing scientific evidence for the fitness of enteric pathogens on plants and its link to the rise of foodborne illness incidence from produce. An emphasis on the ecology of enteric pathogens on plant surfaces has placed this field of study at the crossroads of research in food safety, medical microbiology, and plant microbial ecology.
Despite a wealth of information on the interaction of enteric pathogens with their human and animal hosts, acquisition of fundamental knowledge about their behavior on plants has just begun. With the belief that most illness linked to fresh produce was the result of postharvest microbial contamination rather than contamination in the field, early research relied on traditional methods of food microbiology using harvested produce or cut plant tissue to study the biology of enteric pathogens on plants. However, with the recognition of preharvest crop contamination, new ecological questions regarding the fitness of enteric pathogens on crop plants need to be addressed. Plant pathology, including its subdisciplines of phyllosphere and rhizosphere microbiology, has helped to develop scientific methodologies and key concepts in microbial ecology to address practical problems in plant disease management. These concepts, such as bacterial epiphytic fitness, endophytic growth and survival, resource utilization in the phyllosphere and the rhizosphere, plant-microbe interactions, and microbe-microbe interactions, provide a platform to formulate hypotheses on the ecology of enteric pathogens on plants. This article presents an overview of issues related to the microbial contamination of fresh produce with a focus on the behavior of enteric pathogens on plant surfaces in the context of concepts in food safety and plant microbiology.
AGRICULTURAL PLANTS AS VEHICLES OF FOODBORNE ILLNESS A New Challenge in Food Safety
The epidemiology of foodborne disease has changed rapidly over the past two decades. Shortly after some major human pathogens were recognized as being spread from animal reservoirs, fresh fruits and vegetables emerged as new vehicles for the transmission of these zoonotic diseases (149) . The occurrence of foodborne illness from contaminated fresh produce challenged the belief that such disease was linked to the consumption of foods of animal origin, including meat, poultry, eggs, and milk. Early epidemiological investigations of produce as a source of infection were triggered mostly by the increased isolation of a rare species or serovar of enteric pathogens from clinical patients; thus, outbreaks from common types of pathogens may have remained undetected (149) . Since the early 1990s, awareness of the potential of fresh produce to cause foodborne disease has increased, and reported outbreaks associated with this commodity have grown steadily (135) . The factors that have likely contributed Table 1 Factors involved in the emergence of produce-linked outbreaks a Changes in the produce industry Intensification and centralization of production Wider distribution of produce over longer distances Introduction of minimally processed produce Increased importation of fresh produce Changes in consumer habits Increased consumption of meals outside the home Increased popularity of salad bars Increased consumption of fresh fruits and vegetables, and fresh fruit juices Increased size of at-risk population (elderly, immunocompromised) Enhanced epidemiological surveillance Improved methods to identify and track pathogens Emerging pathogens with low infectious dose a Derived from Tauxe et al. (148) .
to the emergence of produce as a source of enteric illness are listed in Table 1 . New scientific evidence for the growth and survival of enteric pathogens on fruit and vegetables (see below) has provided a biological basis to further investigate these commodities as a link to enteric disease.
Sources of Contamination
In addition to the major factors in the emergence of produce-associated outbreaks listed in Table 1 , intensification of animal production raises the specter that the sources of contamination in the environment are themselves increasing. Figure 1 presents a schematic diagram of the various sources of contamination that may introduce human pathogens into the field and contribute to the contamination cycle in agricultural areas. Manure is commonly applied to fields in order to dispose of animal waste and to fertilize soils. Enteric pathogens can survive for prolonged periods of time in animal feces (53, 58, 77) and may serve as potential inoculum onto plants in the field. Several studies have demonstrated the presence of foodborne pathogenic bacteria on crops grown in soil to which naturally or artificially contaminated manure was applied (136) . Thus, the use of improperly composted manure or the feces from free roaming domestic or wild animals in the fields, enhance the risk of microbial contamination Infectious dose: the number of infecting organisms needed to cause disease of crops. Additionally, poor hygiene practices by field-workers and a lack of on-site sanitation facilities may result in produce-associated outbreaks, particularly enteric illness such as shigellosis, which is easily contracted from human feces because of the low infectious dose of the causal agent, Shigella (102).
Crop irrigation and application of pesticides with contaminated water also are considered as primary sources of inoculum in the field. This is of particular concern for production of fruits and vegetables in areas where the supply of fresh water is scarce, and where water reclaimed from effluents increasingly serves for agricultural purposes. Because E. coli and S. enterica survive well in water sediments (45, 51) , seasonal flooding of fields with overflowing stream water should be added to the risk factors of potential crop contamination.
Whether airborne transmission of enteric pathogens has a role in their contamination of plants in the field is not known. In a study of bacterial migration in orange orchards, the aerial dispersal of epiphytic bacteria from source plants was demonstrated to be an important factor in the composition of leaf microbial communities in neighboring trees, particularly when the plant surface onto which the bacteria immigrated was unfavorable for bacterial growth (86) . Although bioaerosols have long been recognized Schematic illustration of factors that can contribute to the contamination of fruit and vegetables with human enteric pathogens in the field.
Etiologic agent:
organism that causes a disease as the primary mode of pathogen spread among livestock (37), the potential for air currents to disperse enteric pathogens from manure piles or contaminated soil, and to enable their immigration as viable cells onto crops, remains to be explored.
Evidence was found for the transmission of pathogenic E. coli via insect vectors such as the fruit fly (Ceratitis capitata) (70) and the vinegar fly (Drosophila melanogaster) (134) to apples, and for its excretion from inoculated houseflies (130) . Plant pathogenic bacteria and their antagonists are effectively vectored by honeybees on and among apple and pear flowers in fruit orchards (73) , and the dissemination of epiphytic bacteria by insects on wet leaf surfaces has been reported (56). The ubiquitous presence of insects on manure piles, in feedlots, and also in fruit and vegetable fields warrants examination of this type of transmission as a factor in the preharvest contamination of produce.
Outbreaks of Foodborne Illness and Incidence of Enteric Pathogens on Plants
Epidemics of foodborne illness linked to fresh produce increased in the United States from 1973 through 1997, both in absolute number and in the proportion of total food-linked outbreaks with a known etiologic agent (135) . A recent survey revealed that produce caused the most cases (28,315 cases) of foodborne disease, and was the second most common single-food vehicle linked to outbreaks in the United States in the period of 1990-2003 (22) . In other countries where surveillance of foodborne illness is extensive, a significant proportion of outbreaks has also been attributed to fresh produce. For example, in England and Wales, salad, vegetables, and fruit caused 6.4% and 10.1% of all outbreaks with a known food vehicle in the periods of 1993-1998 (173) and 1999-2000 (174), respectively. Lettuce, melon, seed sprouts, and fruit juice were the four most important single produce items implicated in epidemics of foodborne illness in the United States between 1973 and 1997 (135) . Other fresh produce associated with outbreaks of bacterial enteric disease include tomato (30, 50, 156, 157) , cilantro (17, 151), parsley (107) , spinach (157), green onions (148), carrot (155) , and cabbage (133) .
Early outbreaks of foodborne disease epidemiologically linked to fresh produce were initially suspected to result from crosscontamination of fruit or vegetables during food preparation with food items more likely to be a source of enteric illness, particularly meat products. However, recent large surveys conducted by the U.S. Food and Drug Administration with samples obtained from major distributors indicated that 1.6% (162) and 4.4% (161) of the domestic and imported produce, respectively, were contaminated with human pathogens. Another surveillance study by the Microbial Data Program of the U.S. Department of Agriculture reported that in 2002, 0.62% of samples of domestic or imported cantaloupe, celery, lettuce, and tomatoes were contaminated with E. coli strains harboring virulence factors (160) . Several smaller surveys have demonstrated the presence of pathogenic enteric bacteria on produce and in unpasteurized fruit or vegetable juices sampled during production or at retail markets (48) . Therefore, surveillance data support the hypotheses of possible contamination of fresh produce with human pathogens in the preharvest environment, or in a postharvest fashion during washing and minimal processing, and consequently, of outbreaks linked to fresh produce not necessarily being the outcome of cross-contamination events with other foods.
Several bacterial pathogens have caused fresh produce-associated epidemics of enteric illness, including Salmonella enterica, pathogenic E. coli, Shigella spp., Campylobacter spp., Listeria monocytogenes, Staphylococcus aureus, Yersinia spp., and Bacillus cereus. S. enterica, the most frequent etiologic agent of outbreaks from fresh produce, caused 48% of such outbreaks with a known etiology be-
HISTORICAL EPIDEMIC LINKED TO PRODUCE
E. coli O157:H7 is the causal agent of the largest outbreak of bacterial enteric disease in recent times, with over 6000 cases epidemiologically linked to contaminated radish sprouts in Japan in 1996 (108, 167 (121) .
Enteric pathogens other than S. enterica and E. coli have been implicated in relatively few produce-associated outbreaks. This is also illustrated in Table 2 , which lists the number of outbreaks linked to a single fresh produce item in the United States between 1990 and 2004. These data were categorized by causal agent and by plant part or entity that the produce represents; mixed salads, which are associated with a high incidence of foodborne illness, are not included. Not listed are root vegetables, which have rarely been implicated in outbreaks, possibly because they are commonly cooked before consumption. UV: ultraviolet associated with fresh leafy vegetables. These leafy vegetables consisted mostly of lettuce; the pathogenic E. coli was predominantly serotype O157:H7. The sources of the produce implicated in these different outbreaks vary widely in geographical location (48) . This undermines the hypothesis that a given agricultural area harbors a certain type of pathogen and recurrently causes epidemics via the same type of produce. Rather, these trends suggest a relative specificity in the association of enteric pathogens with fruit and vegetables, and prompt important questions regarding the plant and bacterial factors that dictate this interaction, which can result in human disease. 
ECOLOGY OF ENTERIC PATHOGENS IN THE PLANT ENVIRONMENT

Fitness on Plant Surfaces
Plants as a nonhost environment. During their residence time on plants, enteric pathogens encounter harsh physicochemical conditions that fluctuate widely and rapidly over short periods of time (56). Such frequent and extreme changes, for example in temperature and osmotic conditions within the same day, may not be experienced by enteric pathogens in the animal and human gut. Also, unlike aerial plant surfaces, which are overall poor in nutrients (87) , relatively aerobic, and exposed to UV (ultraviolet) radiation, the intestinal environment is replete in nutrients, anaerobic, and shielded from solar rays. The colon supports vigorous bacterial growth, with E. coli alone reaching between 10 6 -10 9 cells per g colon content (131) . While plants are considered as an overall hostile habitat for enteric pathogens, innovative studies in plant microbiology have shown that the spatial distribution of physicochemical conditions on leaf and root surfaces at the microscale is highly heterogeneous. For example, although sugars are present in small amounts on leaf surfaces and limit bacterial growth on leaves (170, 171), whole-cell bacterial biosensors for sucrose, fructose, and glucose have revealed that these sugars are abundant in oases on leaves (81, 96) ; sucrose, fructose, and glucose are the dominant carbon sources in the phyllosphere of plants species examined so far (35, 94, 103) . Distinct and localized spatial patterns of sucrose, amino acids, and nitrate abundance have also been mapped in the rhizosphere (34, 69) . Similarly, microscopy of a bacterial sensor for water availability in the phyllosphere reported large variations in water potential between microsites on a given leaf surface, with only a subset of the cell population experiencing detectable water deprivation (4). In addition to starvation and osmotic and matric stress, bacteria on aerial plant surfaces have to cope with the effects of solar radiation. Besides the genes involved in pigmentation and in the repair of UV-damaged DNA, evidence also indicates that physical avoidance of UV radiation in shaded sites on leaves may be an important strategy for survival of bacteria on plant surfaces (66, 76). Therefore, it is hypothesized that because of the rugged topography of the plant landscape and its spatial heterogeneity in physicochemical conditions, enteric pathogens may encounter microsites on plant surfaces where conditions are favorable for their growth or survival.
Attachment. Attachment is the first step in the establishment of bacteria on the plant surface. The importance of this event in the contamination of produce is evidenced by several studies that suggest the involvement of specific determinants in the attachment of foodborne pathogens to plant tissue (6, 7, 46, 47, 146, 150, 154) . As demonstrated with plant pathogens (127) , several factors may be involved in the adhesion of enteropathogenic bacteria to plant tissue. These possibly include strategies that overlap with those used for attachment to animal and human epithelial cells, or that are common to those used by epiphytic or pathogenic bacteria for attachment to plants. For example, recent studies have shown that curli, long aggregative fimbriae that mediate binding to, and invasion of, epithelial cells in E. coli 0157:H7 (153) and S. enterica (141) , are also implicated in the attachment of these pathogens to alfalfa sprouts (6, 71, 150). Conversely, the HecA adhesin in Erwinia chrysanthemi, which contributes to its virulence, aggregation on, and attachment to tobacco leaves, shares homology with hemagglutinins in animal pathogens (126) . Thus, some bacterial determinants for attachment may have evolved from factors that bridge the plant and animal habitats. [For detailed information and further discussion, see (93, 136) 
.]
Growth. Few studies have examined the ability of enteric pathogens to grow on the surface of live plants and the factors that affect their fitness in this ecological niche. O'Brien & Lindow (113) were the first to compare the population dynamics of leafassociated bacteria with those of bacterial species that colonize the human intestine, in order to gain a better understanding of bacterial fitness traits required for colonization of the phyllosphere. Their growth chamber studies demonstrated that S. enterica Typhimurium and E. coli reached population sizes similar to those of Pseudomonas syringae in the bean and corn phyllosphere under constant wet conditions, whereas their population sizes were significantly lower than those of the bacterial epiphyte after incubation under dry conditions. Later studies on the colonization of the cilantro phyllosphere by a strain of S. enterica serovar Thompson isolated during an outbreak linked to cilantro revealed that the pathogen was less fit than the common epiphytic bacteria Pseudomonas chlororaphis and Pantoea agglomerans under wet conditions at 22
• C (14). However, the competitiveness of S. enterica Thompson on wet cilantro leaves was significantly increased at plant incubation temperatures of 30
• C and 37
• C, enabling it to achieve rapidly higher population sizes than at 24
• C. In growth chamber experiments using seeds planted in soil cores amended with contaminated manure, S. enterica was detected at harvest on the leaves of arugula and the roots of
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GFP: green fluorescent protein radish plants grown under conditions simulating a wet and warm "summer" environment, but not under those simulating a comparatively drier and cooler "spring" environment (109) . The higher growth rates of the enteric pathogen at warm temperatures likely allow it to use a larger share of the nutrient resources that it can assimilate on the plant surface. Therefore, it is probable that free water from rain fall, dew, or irrigation, and concomitant warm temperatures enable S. enterica to undergo bursts of growth on plants in the field, thereby reaching the population sizes required to cause foodborne illness.
It appears, however, that optimal conditions of water availability and temperature are insufficient to allow enteric pathogens to maximally exploit plant surfaces as a habitat. Despite its higher growth rates and population sizes on warm and wet leaf surfaces, S. enterica Thompson achieved significantly lower final population sizes than the culturable resident bacteria in the cilantro phyllosphere (14). S. enterica and other enteric pathogens are likely not as well adapted as plant-colonizing bacteria to utilize the full spectrum of nutrients present on plant surfaces and, therefore, are limited by the amount and range of available nutrients that they can assimilate to thrive on plants. For example, unlike many plantassociated bacteria and E. coli, S. enterica is typically unable to assimilate sucrose (84) , one of the main sugars present in leaf (87) and root exudates (31) . It remains to be determined if this difference explains the relatively lower number of outbreaks caused by S. enterica on leaves compared to fruit ( Table 2) . On the other hand, Campylobacter jejuni, a thermophilic and microaerophilic foodborne pathogen, derives most of its energy from organic and amino acids and not from carbohydrates (38) . C. jejuni survived poorly on plants, even at warm temperatures (13), which may be due to a lack of microsites with sufficient adequate nutrients and with low oxygen concentrations in that habitat. However, the pathogen had higher survival rates in the rhizosphere than in the phyllosphere, as well as on leaves that were wounded or contaminated with organic soil than on clean healthy leaves (13). These observations may partly explain the occasional presence of C. jejuni on fresh produce (78, 114) and the occurrence of produce-associated outbreaks of campylobacteriosis (67, 92) , despite its generally weak epiphytic fitness.
As shown for most plant-adapted bacterial species introduced into the phyllosphere and then subjected to dry conditions, population sizes of S. enterica decline upon desiccation stress on leaves (14). This inability of the enteric pathogen to grow on dry leaves after a period of adaptation (14, 113) distinguishes it from a successful colonizer of leaf surfaces, P. syringae. This common plant pathogen has an extensive epiphytic phase and achieves detectable growth under dry conditions on host plants (8, 85). The enhanced ability of P. syringae to multiply on dry leaves may stem from its ingression into subsurface sites on the leaves of host plants (169), where it is shielded from the external water stress. It is unclear whether multiplication in/on dry plant surfaces is the primary determinant of bacterial fitness on plants. Many nonpathogenic plant-associated bacteria do not experience overall growth on dry leaves, presumably because they lack extensive endophytic lifestyles (129, 169) . Similarly, S. enterica has not been observed frequently in natural openings on leaves, such as in the substomatal cavities (M.T. Brandl, unpublished data). Although growth in sites protected from desiccation confers a major advantage in bacterial colonization of the leaf habitat, plant colonists that are able to adapt to environmental stresses in exposed sites may have the opportunity to multiply when growth-conducive conditions resume.
Similar patterns of leaf colonization have been reported in epiphytic bacteria and in enteric pathogens. Inoculation of cilantro plants with cells of S. enterica labeled with the green fluorescent protein (GFP) revealed that this pathogen formed microcolonies (Figure 2) , as well as aggregates, preferentially in the vein area of the leaf (14). The localized growth of epiphytic bacteria at the base of glandular trichomes and in the vein region of cucumber and bean leaves has been described (79, 81, 99) . The enhanced wettability of the surface of leaf veins (79) and the resulting increased availability of free water in that region (4), as well as the abundance of carbohydrates on veins and at the base of glandular trichomes (81) , may explain the association of epiphytic bacteria (87), S. enterica (14), and E. coli O157:H7 (145) with these anatomical features of leaves.
Colonization of roots by rhizobacteria and foodborne pathogens can follow similar patterns also, as both have been observed to grow preferentially on root tips and/or at the root base where lateral roots emerge (10, 27, 36, 64, 120). This common growth pattern among bacterial species that have very distinct primary ecological niches may be correlated with the enhanced leakage of sugars and amino acids at these sites (69) . Although enteric pathogens attach and aggregate at high densities in the root hair zone of seedlings in vitro (23, 47, 71) , it remains to be determined if they also grow extensively in that region of the root in soil, especially since limited bacterial access to nitrogen nutrients in the root hair zone, due possibly to competitive uptake by the plant, has been reported (34) .
Colonization of the entire plant, including the flowers and the seeds, was observed when Arabidopsis thaliana was grown in soil carefully irrigated with S. enterica or E. coli O157:H7 in a growth chamber (27). As is recognized already for plant pathogens, seed contamination may have important implications for the contamination cycle of enteric pathogens in crop production environments. In addition, seed contamination has greatly impacted the sprout production industry worldwide, as numerous geographically widespread outbreaks of foodborne illness have been linked to sprouts of alfalfa, radish, and mung bean seeds (Table 2) (48, 135) . Confocal micrograph of colonies of GFP-labeled S. enterica (white arrows) observed on the vein (large nonfluorescent area) of a cilantro leaf two days after plant inoculation and incubation under warm and moist conditions. The red objects in the image are the autofluorescent chloroplasts of the epidermal cells surrounding the vein.
Survival. There has been a great interest in determining the persistence of foodborne pathogenic bacteria on fresh produce in the field in order to evaluate the public health risks associated with preharvest contamination of fresh produce. Several studies performed in the laboratory or in the field have demonstrated the ability of enteric pathogens to survive for prolonged periods of time on fruits and vegetables (39, 43, 61-63, 109, 137) .
Ercolani (39) , in some of the first evidence that enteric pathogens can persist on crops in the field, demonstrated that S. enterica Typhi was still detectable on mature lettuce plants that were inoculated at a young stage in the field. More recently, field studies conducted with an avirulent mutant of S. enterica Typhimurium and a nontoxigenic mutant of E. coli O157:H7 revealed that both pathogens were able to persist in the lettuce and parsley phyllosphere for at least three and six months, respectively, after the seedlings were planted and exposed to the pathogens via contaminated manure or irrigation water (61, 63). In
Salmonellosis:
infection of the lining of the intestine with Salmonella spp., often caused by food poisoning a similar field study, S. enterica Typhimurium also survived on field-grown radishes and carrots for 84 and 203 days, respectively, after the seeds were sown in soil contaminated with either compost or irrigation water (62). E. coli O157:H7 survived in the soil longer in field plots with long-season crops than in those with short-season crops (61). Additionally, the survival of E. coli O157:H7 in soil microcosms was strongly influenced by the presence of roots of particular plant species (43) . These observations strongly suggest a role for the phyllosphere and the rhizosphere of crop plants in the overall persistence of enteric pathogens in agricultural environments.
In all of the field studies described above, the epiphytic population sizes of the enteric pathogens steadily declined after inoculation. However, sampling at broad time intervals, as done in these studies, does not allow for the detection of changes in bacterial populations sizes that may occur at shorter timescales due to the temporally variable conditions on plant surfaces. Hirano & Upper (55) reported large fluctuations in the population sizes of P. syringae in the bean phyllosphere under field conditions when sampling was performed at 2-h intervals. For two of the three sampling periods, diel variations in the population sizes of P. syringae did not correlate with short-term changes in weather conditions, indicating that general environmental conditions in the field do not accurately reflect the physicochemical conditions experienced by this bacterial species at the microscale on leaves. Although enteric pathogens do not have the same epiphytic fitness as P. syringae, it is likely that a subset of their population is able to multiply during the convergence of growth-optimal conditions in some microsites on plant surfaces. Such rare growth events may enable enteric pathogens either to achieve their infectious dose in a small proportion of a crop or to persist on a crop until harvest.
Low water activity is considered to be one of the main limitations of bacterial survival on plant surfaces. Enteric pathogens are exposed to osmotic stress in the animal and human gut (42) , and have developed a range of mechanisms to adapt to such conditions (29). Additionally, S. enterica has a high tolerance to long-term desiccation stress in nonhost environments (33, 97) . This may explain why S. enterica is the most common etiologic agent of foodborne illness linked to spices (163) and the recent occurrence of two salmonellosis outbreaks associated with dry raw almonds (60, 158). It was hypothesized that in at least one of these almond-linked outbreaks, S. enterica multiplied on the moist almond fruits on the orchard floor at harvest and survived on the dry kernels to which it had migrated (32, 152) . It is telling of the pathogen's ability to cope with low water availability that the moisture content of dried nuts in storage is less than 6% (75) . In growth chamber studies and under conditions of low relative humidity imposed for 24 h, S. enterica declined at rates similar to those of epiphytic bacteria on the dry leaf surface of cilantro plants, and was capable of resuming growth at significant rates upon reoccurrence of wet conditions on the leaves (11, 14) . Thus, the tolerance of S. enterica to desiccation stress, combined with its potential to multiply under subsequent wet conditions may confer on this pathogen the ability to persist despite the high fluctuations in water availability on plant surfaces in the field. It implies also that even small populations of the pathogen that survive on crop plants before harvest may increase to infectious dose levels during growth-conducive conditions while the produce is stored or processed for consumption.
The factors involved in the survival of enteric pathogens to desiccation stress on plants remain to be elucidated. Epiphytic bacteria survive desiccation stress on leaves at higher rates as aggregated cells than as solitary cells, which suggests an important role for aggregate formation in bacterial tolerance to low water availability on plants (68, 98) . Enteric pathogens also are capable of forming aggregates under high moisture conditions in the phyllosphere (15) and the rhizosphere (23, 36, 47). In S. enterica, 54% of the cell population was located in aggregates composed of at least 128 cells, with some comprised of as many as 4096 cells, three days after inoculation onto moist cilantro leaves (15). These bacterial cells may be protected from the detrimental effect of rapid and frequent fluxes in water activity on plants while in the exopolymer matrix of aggregates.
A variety of genetic determinants that have a role in the stress tolerance and fitness of epiphytic bacteria on plants are present also in enteric pathogens and may serve similar purposes in these organisms in the phyllosphere and the rhizosphere. For example, both S. enterica and E. coli encode the sigma factor RpoS, which is involved in their adaptation to starvation and to a variety of stresses in vitro (52). Studies have suggested that RpoS increases rhizosphere colonization by Pseudomonas fluorescens in dry soil as well as its fitness on roots in moist soil in the field (140) , and enhances the competitiveness of Pseudomonas putida on roots (95) and the fitness of P. agglomerans in the phyllosphere (M.T. Brandl & S.E. Lindow, unpublished data). Given that in S. enterica, starvation cross-protects against thermal, oxidative, and osmotic stresses via RpoS (42) , and that bacteria experience frequent periods of starvation on plant surfaces, this sigma factor likely contributes to the fitness of S. enterica and possibly other enteric pathogens in the plant habitat. S. enterica and E. coli also harbor genes for cellulose production, a trait that is involved in their ability to form biofilms in vitro (128) and that has been associated with the fitness of P. fluorescens in the rhizosphere and phyllosphere of sugar beet (44) . Furthermore, genes involved in tolerance to UV radiation, an important phenotype for microorganisms that inhabit aerial plant surfaces, have been identified in both epiphytic bacteria and enteric pathogens. The rulAB genes for mutagenic DNA repair imparted enhanced survival to UV-B radiation on P. syringae on plants in the growth chamber (143) , and to solar radiation on bean leaves in the field (142) . Several homologues of rulAB exist in E. coli and S. enterica, in which they share a molecular function similar to that of rulAB in P. syringae (111, 143, 172) . Whether these homologues are part of the strategy employed by E. coli and S. enterica to survive exposure to solar radiation on plants remains to be determined. Several other traits have been linked to bacterial colonization of plants, including lipopolysaccharide and exopolysaccharide production, motility, and chemotaxis (87, 91). The phenotypes described above provide a basis on which to evaluate the role of similar characteristics in the fitness of enteric pathogens on plant surfaces.
Interactions of Enteric Pathogens with the Plant Microflora
As human pathogens land in the plant environment, they have to compete for resources in this ecological niche with members of the resident microflora that are highly adapted to that habitat. For example, reduction of the microflora of broad-leaved endive by chemical disinfection subsequently allowed for increased colonization by L. monocytogenes (20). Extensive disinfection of fresh produce could therefore leave a vacuum with little competition against enteric pathogens contaminating the produce after it has been sanitized. On the other hand, Monier & Lindow (100) have demonstrated that the fate of immigrant cells of nonpathogenic plantassociated bacteria in the phyllosphere is highly dependent on whether they land as single cells or in an indigenous aggregate before exposure to desiccation stress. Similarly, interactions of enteric pathogens with the resident plant microflora may be beneficial to their growth or survival after they immigrate onto plants. This aspect of their ecology on plants could prove to be a major factor in their persistence on crops and in their potential to cause disease via contaminated fruit and vegetables, as well as in their adaptation to the plant habitat over evolutionary times.
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Growth promotion and inhibition. Little information exists regarding the interaction of human pathogens with the microflora of healthy plants. However, several studies have investigated the role of plant disease in the contamination of produce with foodborne pathogens. In a survey of produce at the marketplace, Wells & Butterfield (168) observed twice the incidence of Salmonella species on fruit and vegetables affected by soft rot as on healthy produce. Furthermore, they showed that the population sizes of Salmonella on potato, carrot, and bell pepper disks coinoculated with the soft rot pathogen Erwinia carotovora or Pseudomonas viridiflava were ten-and threefold higher, respectively, than when inoculated with the enteric pathogen alone. Soft rot also had a positive effect on the population sizes of L. monocytogenes on endive leaves (19).
It is presumed that the damaged cells in rotten plant tissue leak abundant nutrients that would not otherwise be available to enteric pathogens on healthy plant surfaces. This assumption is supported by the observation that the growth of enteric pathogens is also enhanced in plant tissue that is simply injured mechanically (17, 175). In addition to nutrient leakage out of the damaged plant cells during disease, the degradation of plant tissue by plant pathogens may offer enteric pathogens a broadened spectrum of nutrients from which to derive their energy. However, not all plant pathogens affect the colonization of plant tissue by enteric pathogens equally. For example, when S. enterica was coinoculated with E. chrysanthemi or P. viridiflava, its population sizes on the diseased leaves of cilantro plants were more highly correlated with those of E. chrysanthemi than with those of P. viridiflava (12). Moreover, both the growth rate and final population sizes of S. enterica were greater in E. chrysanthemiinfected leaves than in leaves infected with P. viridiflava. In a separate study, the growth of L. monocytogenes was strongly inhibited in the presence of Pseudomonas fluorescens and P. viridiflava, whereas its growth was not affected, either negatively or positively, by the presence of Erwinia carotovora or Xanthomonas campestris, after coinoculation with one of these four pathogens onto potato tuber slices (82) . Competition for iron via production of siderophores was suggested as a possible mechanism for the antagonism by the pseudomonads in this study (82) . Conversely, in other situations, the growth of enteric pathogens may be enhanced by their heterologous utilization of siderophores produced by plant-associated microorganisms or by the plants themselves. Utilization of phytosiderophores by Pseudomonas in the rhizosphere has been reported (74) . Additionally, Loper & Henkel (88) demonstrated that the iron availability to Pseudomonas putida in the cucumber rhizosphere was increased by its utilization of siderophores produced by Enterobacter cloacae. Members of the Enterobacteriaceae, including S. enterica and E. coli, produce a variety of siderophores (117). It remains to be determined whether plant-associated bacteria in this family share iron acquisition systems with enteric pathogens in the plant habitat.
Role of aggregates.
The investigation of biofilms in the phyllosphere by Morris and coworkers (104) has spurred interest in the role of biofilms in the ecology of microbes on plant surfaces. Such large mixed microbial aggregates have since been observed on a variety of naturally colonized plant surfaces (40, 41, 68, 123) . Considering that a significant proportion of the cell population of epiphytic bacteria (99) and S. enterica (15) on plants is located in large aggregates, these microbial assemblages may play an important role, not only in the protection of bacteria cells within the polymer matrix of the aggregates, but also in their interaction with various members of that community. Complex patterns of microbial interactions that are dictated by species composition have been observed within mixed aggregates of plantassociated bacteria on leaves (101). Likewise, the species and strain of pre-existing epiphytic bacteria had a strong influence on the survival of S. enterica and E. coli O57:H7 inoculated into the phyllosphere (118), indicating that the outcome of the interaction between enteric pathogens and plant microflora is heavily dependent on the identity of the microorganisms forming the aggregate.
Although antagonism may occur within heterogeneous aggregates, other interactions may be beneficial to the fitness of enteric pathogens on plants. For example, crosstalk via quorum-sensing signals produced by epiphytic or plant pathogenic bacteria may benefit enteric pathogens present in mixed aggregates on healthy or diseased plants. Acylhomoserine lactones (AHLs), which are produced by several species of epiphytic and plant pathogenic bacteria (164) , have been detected in spoiled produce (122) . Although S. enterica and E. coli do not synthesize AHLs, S. enterica possesses a luxR homologue (sdiA) by which it responds to AHLs from other bacterial species in its vicinity (2). One could hypothesize that communication between S. enterica and plant bacteria via AHLs upregulates determinants that influence the behavior of the human pathogen on plants.
Although S. enterica produces the autoinducer-2 (AI-2) molecule (144), the proposed universal signal for quorum sensing (132) , no evidence was found that production of AI-2 in S. enterica, or in epiphytic bacteria coinoculated with the AI-2-deficient mutant of S. enterica, had a role in the population size that the human pathogen reached in the phyllosphere (15). Additionally, the frequency distribution of the size of aggregates formed by S. enterica on leaves did not differ significantly from that of its AI-2-deficient mutant, suggesting that AI-2 does not contribute to its aggregate formation on plants. On the contrary, AI-2 production contributed greatly to the ability of S. enterica to colonize the chicken intestine, indicating a niche-specific role for the AI-2 system in this pathogen (15).
Conjugal transfer.
Bacterial aggregation on plant surfaces provides the close contact required for conjugal transfer of genetic mate-
AHL:
acyl-homoserine lactone rial between bacteria. The transfer ratio of the TOL plasmid between P. putida strains was 30-fold higher on leaves than on membrane filters, and transconjugants were observed primarily in the aggregates at the junction of epidermal cells and in the substomatal cavities of the leaves (112) . These observations may help explain the high rates of acquisition of a mercury resistance-encoding plasmid by P. fluorescens from the indigenous microflora in the sugar beet phyllosphere (83) . The transfer of the mercury resistance plasmid coincided with particular conditions on the plant surface, suggesting that selective pressure favored transconjugants because of particular fitness traits conferred by the plasmid (5). Genetic transfer of R factors between various plant-associated bacterial species and S. enterica Typhimurium has been demonstrated in vitro (24). As enteric pathogens interact with other bacteria species in the plant environment, horizontal gene transfer provides a mechanism for the enteric pathogens to gain traits that confer higher fitness in that habitat. Of particular concern is the acquisition of antibiotic resistance genes by enteric pathogens during their residence on agricultural crops. Antibiotic treatments for the protection of crops against plant pathogenic bacteria could place sufficient selective pressure for the maintenance of such determinants in populations of human pathogens outside of their hosts.
Interactions with plant microflora other than bacteria. Fungi are important members of microbial consortia on plants surfaces. Of particular interest in the ecology of enteric pathogens on fruit and vegetables is their interaction with fungi that cause postharvest decay. Similar to observations made with plant pathogenic bacteria, the outcome of the interaction between plant pathogenic fungi and enteric pathogens depends on the fungal species. Whereas L. monocytogenes and E. coli O157:H7 proliferated during infection of apple fruit tissue with Glomerella cingulata, the enteric pathogens declined in wounds colonized by
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Penicillium expansum; this differential effect presumably resulted from specific physiological changes in the rotten tissue, with a shift in pH from ca. 4.0 to 7.0 and 4.7 to 3.7 in the presence of G. cingulata and P. expansum, respectively (26, 125). The enhanced growth of S. enterica in raw tomatoes infected with Cladosporium spp. or Alternaria alternata (165), or with proteolytic yeasts (166) has been reported; like in the apple studies, it was suggested that growth promotion of the enteric pathogen was mediated by an increase to a more favorable pH of the pulp tissue. In addition to altering the physicochemical conditions in the plant tissue, fungi may serve as vectors that spread the enteric pathogens onto or into plants. The attachment of various bacterial species to fungi has been demonstrated previously in studies of biocontrol of plant pathogenic fungi with bacteria (80, 110, 176),
Figure 3
Confocal micrograph of dsRed-labeled S. enterica cells (white arrows) adhering to the hypha of an indigenous fungus that colonized the cilantro leaf surface. The cells were observed two days after inoculation of the plants with the enteric pathogen and incubation under warm and moist conditions. Both S. enterica and the fungus were stained with the fluorescein-labeled Concanavalin A lectin. The combination of the fluorescein and dsRed signals imparts yellow-orange fluorescence onto S. enterica cells. Note the absence of S. enterica cells in the vicinity of the fungus, which suggests that the enteric pathogen was vectored by the fungus from a distant location on the leaf. The autofluorescence of the leaf chloroplasts was assigned the pseudocolor blue. Bar, 10 μm.
and of mycorrhizal associations with bacteria (3 and references therein). Microscopic examination of S. enterica cells inoculated onto cilantro plants revealed the association of this pathogen with the hyphae of indigenous fungi present on the leaf surface (Figure 3) (M.T. Brandl, unpublished data). The enhanced recovery of S. enterica cells in the tissue below cantaloupe wounds coinoculated with the pathogen and C. cladosporioides or P. expansum suggests that fungi may facilitate the migration of enteric pathogens onto and into plant tissue (124) .
Protozoa are present in high number on fruit and vegetables, including on postharvest produce (S.G. Berk & M.T. Brandl, unpublished data). The interaction of protozoa with bacteria has been examined mostly in the rhizosphere and from the traditional perspective of predator-prey relationships. Insightful investigations into the role of Acanthamoeba spp. in the disease cycle of Legionella pneumophila (1) and increasing concerns over the survival and dissemination of food-borne pathogens in the environment have sparked a new interest in the interaction of human pathogens with protozoa. Brandl et al. (16) demonstrated that S. enterica and E. coli O157:H7 resist digestion by Tetrahymena at particular ratios of the bacteria to the protist, and are released from Tetrahymena as viable cells encased in vesicles. The encased cells had higher survival in water and in low hypochlorite solutions than cells remaining free in suspension, suggesting that the membrane surrounding them in the vesicles offered protection from environmental stress. It is hypothesized that such interactions may take place also on plant surfaces, particularly when conditions of high moisture on plants coincide with bacterial bloom.
INFECTIOUS DOSE IN RELATION TO PLANTS AS A FOOD MATRIX
An important paradox about produceassociated outbreaks of food-borne illness is the presumed high infectious dose of some pathogens and the relatively small number of cells of any enteric pathogens that is hypothesized to be present on plant crops. Levels of contaminants are low presumably also on plant-derived foods that have low water activity (e.g., nuts and spices). Nevertheless, such foods have been implicated in foodborne illness (60, 163) . This prompts the question of whether the plant environment affects the physiology of enteric pathogens such that fewer bacterial cells are required to cause disease in humans.
The low pH of the stomach is thought to be the first barrier against infection with foodborne pathogens. The adaptation of enteric pathogens to acidic conditions on cut or diseased plant tissue may help them to overcome the low pH of the human gastric environment and decrease their infectious dose. S. enterica cells that were inoculated onto fresh-cut produce surfaces had increased survival to acid challenge (pH 3.0, 37
• C, 2 h) (9). In addition to the acidity of some fresh-cut fruit and vegetables, the presence of soft rot on produce may induce the acid tolerance of enteric pathogens via the acidic intercellular apoplastic fluids resulting from the degradation of the plant cell wall by soft rot pathogens (106) . Likewise, the exposure of enteric pathogens to plant antimicrobial peptides released during plant cell damage or infection by plant pathogens may upregulate determinants that enhance their ability to withstand the first line of defense in the human host. A homologue of the sap operon, which confers resistance to host antimicrobial peptides and has a role in virulence in S. enterica (116), is implicated also in the resistance of E. chrysanthemi to plant antimicrobial compounds and in its virulence on plants (89, 90) . This suggests the possibility that the sap operon is induced in S. enterica by plant antimicrobial peptides in damaged/rotten plant tissue, and, consequently, enables the pathogen to better resist early human host defenses.
The expression of virulence/pathogenicity determinants in enteric pathogens during their residence on plants could be paramount to their infectious dose from contaminated produce because it may prime the pathogens for attack against the human host epithelial cells. Barak et al. (6) demonstrated that curli have a role in binding of S. enterica to alfalfa sprouts, indicating that virulence factors are produced by and are of benefit to enteric pathogens on plant surfaces. The commonality in some pathogenicity or virulence factors involved in bacterial infection of plants and humans has been demonstrated (18, 139) . These include components of the type III secretion system (TTSS), which has been identified in both human and plant pathogens, as well as in nonpathogenic plantassociated bacteria (49, 65) . The TTSS mediates epiphytic colonization of the phyllosphere in P. syringae pv. syringae (54) and also of the rhizosphere in P. fluorescens (65). Surprisingly, mutations in components of the TTSS encoded by the pathogenicity island 1 of S. enterica (SPI1) reduced the ability of the pathogen to endophytically colonize alfalfa roots in vitro, suggesting that the SPI1-encoded TTSS is expressed and assembled in S. enterica in plant roots (59). Furthermore, colonization of A. thaliana by this enteric pathogen was affected by plant defense responses that involve recognition of S. enterica flagella and SPI1-encoded TTSS effectors (59). Despite its apparent role in colonization, the significance of TTSS synthesis in enteric pathogens on crop plants to dose-response relationships in the human host remains to be investigated.
PERSPECTIVES AND FUTURE DIRECTIONS
Evidence is emerging that enteropathogenic bacteria, although not as fit in the plant habitat as common plant-associated bacterial species, have the ability to grow and persist on crop plants. This versatile life style may explain the remarkable incidence of foodborne illness associated with the contamination of agricultural crops. Still unclear, however, is whether the relative fitness of enteric pathogens on www.annualreviews.org • Fitness of Enteric Pathogens on Plantsplants in the field is sufficient to explain the etiology of outbreaks linked to fresh produce, or if bacterial proliferation in the postharvest environment is necessary for the enteric pathogens to achieve infectious dose levels on produce. It could be argued that the bacterial population size of the enteric pathogen on produce does not constitute the sole determinant of infectivity in the human host. Rather, the physiology and the interactions of enteric pathogens on plants may enhance not only their survival in that habitat but also their ability to infect humans.
Despite recent advances in our understanding of the ecology of foodborne pathogens on plant surfaces, the fundamental bacterial and plant factors that mediate the ability of enteric pathogens to colonize plants, to resist traditional methods of decontamination, and to cause human illness via fresh produce as a food matrix are poorly understood. As early research efforts focused on acquiring information to shed the prevailing dogma that enteric pathogens lacked the epiphytic fitness to be etiologic agents of produce-linked outbreaks, future studies should delve into the fundamental biology of enteric pathogens on plants. This should be greatly facilitated by the large amount of genomic and proteomic data that are available on these organisms may well shed light on the role of their numerous genes that still have unknown function.
Future research should also draw from the wealth of knowledge acquired from studies in plant pathology and microbial ecology, to formulate hypotheses on plant-microbe and microbe-microbe interactions relevant to the pre-and postharvest colonization of plants by enteric pathogens. Coincidentally, enhanced knowledge of the comparative behavior of enteric pathogens and plant pathogenic or epiphytic bacteria on plants will enlighten us on the plant and bacterial factors that drive their evolution in that habitat. From a pragmatic perspective, fundamental studies will allow for a better understanding of the epidemiology of foodborne illness linked to produce and for the identification of critical control points to develop good agricultural practices and interventions based on the integration of multiple prevention and control strategies into hurdle technologies.
SUMMARY POINTS
1. The number of outbreaks of foodborne disease linked to the consumption of fresh produce has increased since the early 1990s.
2. S. enterica and E. coli O157:H7, both previously associated with illness from foods of animal origin, cause the highest proportion of fresh produce-linked epidemics that have a known etiologic agent.
3. Surveillance data have provided strong evidence for the presence of enteropathogenic bacteria on fresh fruit and vegetables.
4. Not all enteric pathogen species are ecological generalists. Large differences exist among various enteric pathogens in their ability to attach to and colonize plant surfaces, and particular phenotypes play a role in some of these differences.
5. Although the fitness of S. enterica on plants is relatively weaker than that of common plant-associated bacteria, this human pathogen can grow on plant surfaces under conditions of high moisture and warm temperature, two factors that affect its competitiveness in that habitat.
6. Several studies performed in growth chambers and in the field have demonstrated that S. enterica and E. coli inoculated at planting time persist on crops for prolonged periods of time, including until harvest.
7. Diseased plant tissue may provide a nutrient-rich and protected ecological niche for enteric pathogens. However, this opportunity for growth is dictated by the nature of their interactions with the resident plant microflora.
8. The expression in enteric pathogens, of survival determinants or of virulence traits in the plant habitat, may modulate dose-response relationships in the human host and allow for foodborne illness to occur with low infectious doses. 
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